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1.0 Executive Summary
This report details the design, fabrication, and testing of the Panther at Embry-Riddle Aeronautical
University (ERAU) Prescott, Arizona for the 2015 American Institute of Aeronautics and Astronautics
(AIAA) Design/Build/Fly (DBF) competition. The ERAU Prescott DBF team has designed an airplane
compliant to all the rules governing the competition. This design combines simplicity and score optimizing
parameters in an effort to create a competitive but constructible aircraft. The competition consists of three
flight missions: Ferry Flight (Mission 1), Sensor Package Transport (Mission 2), and Sensor Drop (Mission
3). Additionally, there is also a ground loading mission (Mission i). Mission i requires the removal of the
Mission 2 sensor payload and replacement with the Mission 3 sensor payload within a five-minute time
frame.
Mission 1 is a time limited mission during which the aircraft will be unloaded and navigate the
competition flight course. The aircraft is to complete as many laps of the course as possible within 4
minutes. Mission 2 is a payload transport mission during which the aircraft must complete three laps of
the airfield while carrying a 5 pound sensor payload (fabricated from three standard 2x6 pine boards)
internally. Mission 3 is a payload transport mission with a team-selected  number  of  Champro  12”  plastic  
balls. On each  lap  of  the  course,  the  aircraft  must  remotely  release  a  single  ball  (“sensor”)  within  a  
specified  “drop  zone”  section  of  the  flight  course.  No  limit  is  placed  on  the  amount  of  current  drawn  by  the  
propulsion system, but battery weight is limited to a 2 pound maximum and only nickel-cadmium or nickelmetal hydride batteries are permitted.
Scoring is a function of the aggregate report score, ground score, and each flight mission score with
the total mission score divided by the product of aircraft empty weight and number of servos. The flight
mission scores are dependent on number of laps flown (Mission 1/3) and lap time (Mission 2). A
sensitivity analysis performed during the conceptual design phase indicated that the total score is
optimized if the empty weight and number of servos implemented on the aircraft are minimized. During
the conceptual design phase it was determined that the Panther would carry 3 plastic ball sensor
simulates, as this was the maximum number that would fit within the fuselage size required by the Mission
2 sensor payload. After the rules were adjusted to specify external mounting of the Mission 3 sensors,
this number was not changed since it was found by design team members to be a feasible goal that will
likely be competitive.
The team found that constructing the fuselage around the Mission 2 sensor payload was ideal since
the resulting aircraft is not any larger than it is required to be. The preliminary design process
concentrated on the implementation of an aircraft design with a high-aspect-ratio wing and a minimalistic
structure able to accommodate the specified internal stores while being as maneuverable as possible.
The target empty weight of 5 pounds was established to maximize performance without sacrificing
stability or structural integrity. The propulsion system was selected based on its ability to obtain desired
performance  characteristics  at  the  maximum  design  weight.  An  “inrunner-brushless”  motor  is  employed  
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with a reduction gearbox. Static thrust values measured at approximately 6 lb. and dynamic thrust values
approaching 6.5 lb. allow the aircraft to achieve a maximum velocity of 67 feet per second. This superior
flight speed capability will enable the aircraft to achieve competitive scores for each flight mission. A glass
cloth/epoxy reinforced, expanded, polystyrene wing with a carbon-fiber tube for the main spar, attains
maximum structural efficiency for the empty weight goal and allows high-g maneuvers for tighter turns in
timed-lap missions. Additionally, the airframe is simplistic to minimize the number and size of components
implemented.

2.0 Management Summary
2.1 Team Organization
Team Panther is a student-run project consisting of six groups: Propulsion, Weight and Balance,
Aerodynamics, Computer Aided Design (CAD), Stability and Control, and Structures. Each division is
managed by a Team Lead and consists of 2-10 members. The organizational structure of the team is
detailed in Figure 2.1: Team Organizational Structure.
AIAA DBF
Embry-Riddle
Team Panther

Faculty Advisors
Dr. David Lanning
Jacob Zwick

President
Bryce Milnes

Vice President
Chad Reinart

Systems Integrator
Michael Roznick

Structures
Neil Nunan
Alex Collins
Wesley Goldner-Carver
Adam Carpenter

Power and Electrical
Bryce Chanes
Nick Arnold
Frank Suffoletta
Robert Noble

Aerodynamics / S & C
Nick Valois
Trevor Douglas
Andres Sandoval
Rhyan Brogmus

CAD
Tim Castillo
Clark Anderson

Figure 2.1 Team Structure
2.2 Project Milestones
The ERAU Prescott DBF team schedule is intended to allow extensive evaluation of the airplane design
without compromising the time available for fabrication and iteration. Initial design phases, up to
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preliminary design, were scheduled for completion as early as October, 2014 to allow for the procurement
of long lead-time critical components such as gearboxes and motors. The detail design phase was
scheduled for completion prior to the end of the fall 2014 semester to compensate for the Winter Break
design freeze in December. Manufacturing of critical components such as the wings and fuselage was
also conducted during the fall of 2014. Testing and final assembly is conducted during the spring 2015
semester. Tests were conducted on critical components such as the motor to ensure that the aircraft is
compliant with all design, reliability, and safety requirements. Finally, flight testing is to be conducted
throughout February 2015. Figure 2.2: Milestone Chart outlines the progress of the ERAU-Prescott DBF
team.

Figure 2.2: Milestone Chart

3.0 Conceptual Design
3.1 Mission Requirements
The 2015 DBF Competition requires the completion of four missions: one ground mission and three flight
missions. The ground mission is based on the speed at which the sensor package and wiffle balls can be
loaded. Flight mission one, the ferry flight, is dependent upon the speed of the aircraft, measuring its
ability to complete a maximum number of laps in a given timeframe. Mission two tests the strength and
power of the aircraft by assesing its ability to cary a payload in a given amount of time. The third and final
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flight mission measures the endurance of the aircraft, based on the number of sensor payloads dropped
(one per lap).
3.1.1 Ground Mission – Payload Loading
The ground mission starts with the aircraft empty with all cargo access points closed. At the star of the
timer,  the  payload  for  mission  two,  the  “Sensor  Package”,  must  be  loaded  into  the  aircraft.  After  loading  is  
complete, the timer will be stopped to allow judges to verify the payload has been secured. Once
approved,  the  timer  will  resume  and  the  “Sensor  Package”  will  be  removed.  The  payload  for  mission  
three, the maximum number of wiffle balls  declared  at  technical  inspection,  will  replace  the  “Sensor  
Package”.  Upon completion of loading the wiffle balls, the timer will be stopped and the judges will inspect
the aircraft again. The maximum amount of time permitted for the loading, unloading, and reloading
process is five minutes. If the ground mission is not completed the score will be GS=0.2, otherwise the
score for the ground mission will be given by the equation:
_
_

𝐺𝑆 = (

)

(3.1)

3.1.2 Flight Mission 1 – Ferry Flight
The  objective  of  the  first  flight  mission,  the  “Ferry  Flight”,  is  to  fly  as  many  laps  as  possible  in  four  
minutes. For this mission, the aircraft will carry no payload and must take off within 60 feet. The course
the aircraft must fly is illustrated in Figure 3.1: Flight Path. The aircraft will fly five hundred feet upwind
make a 180° right turn, then on the downwind stretch make a 360° left turn and once the aircraft is five
hundred feet downwind from the start line make right turn back toward the start line. This mission will be
scored by the equation:

𝑀1 = 2

_
_ _

_
_

(3.2)

Figure 3.1: Flight Path
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3.1.3 Flight Mission 2 – Sensor Package Transport Mission
The  objective  of  the  second  flight,  the  “Sensor  Package  Transport  Mission”,  is  to  fly  three  timed  laps  with  
a sensor package in the cargo bay of the aircraft. The aircraft must be able to take off in the specified field
length while carrying the sensor package, which must be properly secured. The sensor package consists
of one stack of three standard wooden pine boards (dimensional lumber),  which  are  10”  in  length.  The  
nominal  dimensions  for  the  overall  size  of  the  sensor  package  are  4.5”x5.5”x10”  and  has  a  nominal  
weight 5 lbs. The payload is illustrated in Figure 3.2: Mission 2 Payload. Dimensional tolerance for the
package will be +/- 1/8”  in  all  directions  of  the  sensor  package.  This  mission  will  be  scored  by  the  
equation:

𝑀2 = 4 ∗ (

_

_
_

)

(3.3)

Figure 3.2: Mission 2 Payload
3.1.4 Flight Mission 3 – Sensor Drop Mission
The  objective  of  the  third  flight,  the  “Sensor  Drop  Mission”,  is  to  fly  the  aircraft  around  the  designated  
course and dropping one sensor package per lap into the designated sensor drop zone, which is
illustrated in Figure 3.3: Mission 3 Drop Zone. The sensor packages  will  be  represented  by  12”  wiffle
Balls  (“Softball”  size),  which  is  represented  in  Figure 3.4: Mission 3 Payload. The aircraft must be able
to take off in the specified field length while carrying the sensor package, which must be properly
secured. The nominal weight of each ball is 4 ounces (100 grams). While airborne, the aircraft will
remotely  drop  a  single  ball  during  each  lap.  The  drop  shall  take  place  in  the  “drop  zone”,  which  is  on  the  
upwind leg of the flight in the direction of takeoff. The drop zone is also between the upwind/downwind
turn stations on the runway side opposite of the spectators. A lap will count only if a single ball is dropped
in the drop zone. If multiple drops occur in a single lap, the lap will be invalidated. . This mission will be
scored by the equation:
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𝑀3 = 6 ∗ (

_
_ _

_
_

)

(3.4)

Figure 3.3: Mission 3 Drop Zone

Figure 3.4: Mission 3 Payload
3.2 Design Requirements
An aircraft capable of outperforming its competitors in all missions is the intuitive solution to the design
challenge of maximizing the total score. However, the individual mission scores demand different aircraft
capabilities. While the first mission emphasizes high velocity, the second requires a five pound sensor
payload to be carried internally. Additionally, the third mission requires a single sensor to be delivered
each lap and the number of laps completed depends on the number of balls carried as well as the flight
endurance of the aircraft. The total mission score is then divided by the empty weight of the aircraft
multiplied by the number of servos utilized; the latter of the two being analogous to the complexity of the
sensor release mechanism. The interactions of each parameter are such that an increase in one can
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negatively affect another. A successful design will prioritize each mission score to achieve superior allaround performance. This is accomplished by way of a scoring parameter sensitivity analysis.
Numerically, the total mission score (TMS) is expressed as a function of each individual mission in
Equation 3.5: Simplified Total Mission Score.

𝑇𝑀𝑆 =

(

,

,

)

∗

(3.5)

Using this simplified equation, a MATLAB algorithm was utilized to generate a multidimensional array
given assumed values for each of the scoring parameters. The numerical values of these parameters are
arbitrary, since the purpose of this program was to calculate the percent change in total mission score
resulting from the percent change in each parameter, which is independent of the initial values assumed.
The outputs of the program were imported into an Excel spreadsheet and overall trends in the results are
visualized in Figure 3.5: Sensitivity Analysis Results.

Figure 3.5: Sensitivity Analysis Results

A brief numerical analysis in which the slopes of each line/curve were computed provides quantitative
proof for the fact that the empty weight/servos curve indicates that this parameter has the greatest effect
on the total mission score. Additionally, this parameter is alone in the group for being the only one that
can be directly controlled during the design process. For this reason, minimum empty weight and
minimum complexity (number of servos) were adopted as the main design objectives. Designing an
aircraft both lighter and less complex than its competitors mitigates the need to maximize each flight
mission score since the total mission score is divided by empty weight and the number of servos used.
10

Thus, the aircraft will remain competitive even if it is only capable of achieving average flight scores so
long as it can consistently perform each mission successfully.
3.3 Configurations Considered
The next stage within the conceptual design envelope constitutes a compilation of aircraft configurations
to establish a range of alternatives for future evaluation and eventual down-selection. The configuration
Table 3.1: Overall Configurations
categories are identified under the Element column of Table 3.1: Overall Configurations included below.
Components selected for the aircraft design are in red font.

Element

Alternatives
Biplane

Conventional

Lifting Body

Low

Mid

High

Tail Layout

Conventional

T-Tail

V-tail

Motor

Pusher

Puller

Twin

Traditional

Traditional

(Round)

(Square)

Tricycle

Tail Dragger

Wing Layout
Wing
Position

Fuselage
Landing
Gear

Canard

Tandem

V-tail

H-Tail

No
Tail

Boom
Bicycle

3.3.1 Fuselage
Two main configurations for the body were considered. One involved the fuselage forming the structure of
the plane in the traditional sense and the second involved a carbon fiber boom upon which the fuselage,
wing, motor and tail would attach to. All initial designs for the fuselage included the assumption that the
sensor block, sensor packages, batteries and electronics would be contained within the structure during
their respective missions. This led to several square fuselage designs big enough to house the sensor
block, and when necessary three sensor packages. Once the requirement that sensor packages would
be exposed to the environment on three sides was imposed, new designs needed to be conceptualized.
Fuselage dimensions shrank down to those necessary for the sensor block, battery and electronics. Two
main branches for creating the fuselage were then considered. The first involved a rigid front section
where electronics and batteries would be stored. Behind the rigid structure, a light flexible structure made
11

of fabric could be found. This flexible portion of the fuselage would be similar to a sling, and would be
where the sensor block could be loaded into. The sensor drop mechanism would be located behind the
flexible section and exposed to the air as required. The second branch of design replaced the flexible
section with a rigid structure that would be covered by fiberglass or Micro-lite.
3.3.2 Landing Gear
Several landing gear configurations including bicycle, tricycle, and tail dragger were initially proposed. A
bicycle landing gear comprises of two in line wheels spaced out under the fuselage. A tricycle
configuration has two parallel wheels placed under or behind the center of mass of the plane. A third
wheel located near the nose of the plane provides the last point of contact with the ground and in some
cases allows steering. A tail dragger comprises of two parallel wheels in front of the center of mass of the
plane and a third wheel behind the center of mass to act as the third point of contact.
3.3.3 Sensor Drop Mechanism
The initial designs for the sensor drop mechanism focused on containing the balls inside the fuselage and
pushing them out as needed. Gravity and servo assisted drop mechanisms were considered. Once the
drop mechanism was required to be external, the design considerations changed. The solution presented,
consisted of a string that was held to the fuselage with several intermediate friction locks. The sensors
would be strung between the stopping points. As a servo pulled on the string, the string would pass
through one of the friction locks and the senor package would fall free. The string would be pulled to the
next friction lock ready release the next sensor. With this system in mind, the variation in configurations
consisted of different locations for the sensor packages. Locations including behind, or under the fuselage
and under the wing were considered.
3.4 Concept Weighting, Selection Process, and Results
3.4.1 Initial Decisions
Configuration decisions such as the fuselage and quantity of motors were initially refined during
conceptual design. First, the fuselage was defined as a semi-monocoque structure assembled around a
central boom. This simplistic fuselage design was sized to fit the required sensor payload and was
intended to reduce weight and manufacturing time.
The motor considerations were refined based upon previous difficulties with ordering custom motors for
ERAU AIAA DBF design projects in the past, specifically component lead times of up to four months. It
was therefore decided to limit motor considerations to those that are commercially produced and can be
bought  “off-the-shelf”  without  the  need  for  additional  components  such  as  a  custom  gearbox.
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Lastly, the selection of a single motor was made based upon initial weight and structural considerations.
By analytically comparing prospective motor systems, a single motor system was found to be lighter and
more efficient than a twin motor system. The weight of the additional propellers, speed controllers, wiring,
and mounting brackets required for a twin motor system was greater than using a single motor system.
Summary of Initial Decisions:
Selection: Single fuselage boom tail
Reasoning: Ease of manufacturing, high structural efficiency, and lighter weight than other approaches.
Selection: Off-the-shelf motor system
Reasoning: Lead times of a week or less can be achieved, allowing quicker turnaround times and more
effective test scheduling.
Selection: Single Motor
Reasoning: Only one set of support equipment and structures would be required.
The conceptual design phase continued with the systematic selection of other aircraft elements. The
process of selection utilized a weighted matrix method where alternatives could be compared with
evaluation criteria and a weighting factor. This process, termed the decision analysis matrix, enabled the
selection of a wing, tail, and fuselage configuration. The alternative options for each of these components
were evaluated using the decision analysis matrix method because of its ease in assigning practical
evaluation criteria.
As part of the decision analysis matrix, a numerical range was utilized during the evaluation of criteria by
assigning desirable alternative features with numbers approaching 100 while less desirable features were
given numbers approaching one. The evaluation criteria allowed for either raw numerical data or a
Quantified Quality of Measure (QQM). The QQM is defined by Figure 3.3: Quantified Quality of
Measure (QQM).

Figure 3.3: Quantified Quality of Measure (QQM)
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3.4.2 Wing
For the wing layout, there were five suggested types. Each configuration was graded based on eight
main characteristics: aerodynamics, stability and control characteristics, speed, handling,
manufacturability, internal space, and weight. Based on the score optimization chart, it was determined
that of the seven weighting factors, system weight was the most important characteristic for the optimum
wing configuration based upon the required missions. Each of the five wing configurations were given a
score using the criteria matrix scale. The criteria and associated weights are detailed in Table 3.2: Wing
Layout Selection.
Table 3.2: Wing Layout Selection
Biplane

Conventional

Lifting

Canard

Body
Evaluation Criteria

Tandem
Wing

Weight

(1-100 Scale)

Aerodynamics

10%

80

40

100

80

20

Stability and Control

10%

100

60

20

100

40

Speed

10%

60

80

60

100

20

Handling

15%

100

100

20

60

40

Manufacturability

15%

80

100

20

60

40

Internal Space

15%

80

80

100

80

20

Weight

25%

60

100

40

80

20

Total

100%

78

83

49

78

28

Table 3.2: Wing Layout and Selection includes the conceptual development of the wing layout with
criteria matrix scales assigned to each alternative and percent weights of importance. Note the
importance placed on weight. Given the below numerical scoring, the alternatives were statistically
normalized and multiplied by weighting factors to determine the winning alternative. The outcome of this
analysis is included in the next section.
3.4.3 Tail
Similar to the wing layout selection process, the tail layout alternatives were assigned criteria matrix
weighting factors. Weight was prioritized along with the aerodynamic effects that each alternative tail
provided. Additionally, manufacturing concerns were addressed with respect to the added structure
required for tail configurations with attachment points offset from the fuselage. For example, the H-tail
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would require structural hard points at the tips of the horizontal fin where the interface for the vertical fins
exists. The data used in the selection process is summarized in Table 3.3: Tail Layout Selection.
As indicated in Table 3.3: Tail Layout Selection, the various tail alternatives were judged most heavily
against weight and aerodynamic effects. Additional weight due to the difficulties anticipated
manufacturing the more complex tail configurations was taken into account when giving scores in the
weight category.
Table 3.3: Tail Layout Selection

Evaluation

Conventional

T-tail

V-tail

H-tail

No Tail

Weight

Criteria
(1-100 Scale)
Maneuverability

10%

60

80

40

100

20

Speed

10%

80

40

80

40

100

Handling

10%

60

80

40

100

20

Drag

10%

100

40

100

20

60

Manufacturability

15%

80

40

60

40

100

Aerodynamics

20%

100

60

100

20

40

Weight

25%

80

40

80

20

100

Total

100%

82

52

75

41

68
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3.4.4 Fuselage Considerations
In narrowing down the choices for the shape of the fuselage, the driving factors were strength and weight.
The strength was necessary as the fuselage would need to be capable of carrying the five pound sensor
payload as well as the batteries and electronics necessary to keep the aircraft in the air. The weight was
a large influencing factor due to the direct effects of weight on the takeoff distance. These considerations
had a large impact on the initial configurations and materials chosen. In order to cut out as much material
as possible, a hollow carbon fiber tube was chosen to be the main structural centerpiece of the aircraft.
All other aspects of the aircraft including the wing, tail, and cargo-bay would attach to this boom.
The cargo-bay then became the key component of the aircraft in accomplishing the missions of holding
the sensor block and sensor packages. Once again strength and size were the main considerations.
Initial sizing requirements were determined using the sensor block with a small factor of safety to account
for design tolerances. From those dimensions, the cargo bay was conceptualized from several different
materials including plywood, foam, fiberglass, carbon fiber, balsa wood, and combinations of the different
materials. Foam was chosen as the initial material for the cargo bay due to its low density and an excess
of the material. Concerns for the strength of the foam meant investigations into the necessity for
additional strength and at what weight cost. Much of the testing for the viability of the design would be
accomplished in flying the prototype.
3.4.5 Landing Gear
Factors considered in choosing the landing gear configuration included high stability and control of the
aircraft on the ground, as well as strength when landing. The bicycle landing gear was immediately
rejected due its instability resulting from having two in-line wheels. The tail dragger and tricycle gear were
much closer to each other in satisfying the requirements. The tricycle gear was chosen as experience
pointed to it having higher maneuverability as well as a simpler design to implement. The nose gear
would attach to the front section of the cargo-bay/electronics bay. The rear wheels would attach to the
back of the cargo-bay as not to interfere with loading of the sensor block or the sensor package drop
mechanism. Special attention would be placed on the location of the rear landing gear in order to make
sure the structure could withstand the force of landing.
3.4.6 Sensor Drop Mechanism
When choosing a design for the sensor drop mechanism the goal was to use as few servos as possible
while still maintaining complete control of the device. Ideas involving no servos required complicated
maneuvers of the plane to release the sensor packages and were thus impractical in the scope of the
mission. Next focus was placed on building a robust design that could utilize one servo and minimize
additional structure despite the new requirement that the sensors be exposed to the environment. An
extremely simple design was chosen that would require one servo to spool the string, friction locks that
could be installed directly to the boom and only a piece of string or wire that would run through the sensor
16

packages. This minimized weight and kept the number of servos down to a minimum. Additional testing
would be done to fine-tune the strength of servo needed as well as type of friction lock to be used.

4.0 Preliminary Design
4.1 Design and Analysis Methodology
4.1.1 Propulsion
The propulsion sizing of the aircraft electrical system was primarily governed by battery constraints and
desired performance. The 2 lb. weight limit encouraged the selection of a high capacity, low voltage
battery pack. Additionally, the given battery limitations heavily influenced the motor selection. To analyze
the effect of the propeller and motor sizing, the MotoCalc program [1] was utilized to test a wide range of
motor and propeller combinations. These results were than tested to verify the results of the program.
Final motor, propeller, and battery sizing were based on scores in the following criterion:





Thrust to Weight Ratio: Provides a good estimate of power available for takeoff and climb out.
This measure equals the static thrust divided by the weight of the aircraft.
Pitch Speed: This calculated value provides an estimate of the final speed of the aircraft. A
higher pitch speed results in better speed and climb performance. However, due to static stall,
high pitch setups perform less well on takeoff and slow speeds.
Maximum Current Draw: Due to Battery limitations, the maximum current had to be kept below
10C of the selected battery pack. “C” equal to the capacity of the battery in Amp-Hours multiplied
by a constant of 1/hours. Therefore, for a 5 Amp-Hour battery, the maximum allowed current is 50
Amps.

4.1.2 Structural
The structure team designed the aircraft to be as lightweight as possible while still maintaining the
structural integrity necessary to carry out the missions. High-strength composites were used throughout
the structure to bring down the weight. Several material tests were performed alongside extensive tests
of the prototype. Building issues as well as data gathered while building and flying the prototype had
direct impacts on the evolving design of the final aircraft. Changes from the initial decision of a foam
cargo-bay to fiberglass and other composites were a direct result of challenges faced when building the
prototype.
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4.2 Design and Sizing Trades
4.2.1 Power Figure
The power figure, which was based on the competition weight limit of battery cells, is summarized below
in Table 4.1: Battery Analysis.
Table 4.1: Battery Analysis

Table 4.1: Battery Analysis outlines the estimated power figures for each commercially available NiMH
battery under the two pound weight limit. The maximum power output of a 2 pound battery is 660 Watts
(𝑃 = 𝐼𝑉). Assuming an 85% motor efficiency, the target power was estimated to be approximately 561
Watts. Using this number as a baseline, the general value for the target empty weight of the aircraft was
calculated to be 5 pounds. Therefore, maximum take-off weight (MTOW) was estimated to be 10 pounds,
thus giving an estimated power figure of 112.2 Watts per pound empty and 56.1 Watts per pound at
maximum take-off weight.
4.2.2 Motor
All theoretical motor and propeller performance data was acquired using a computer program called
MotoCalc [1]. Since the motor series that was being tested was not in the MotoCalc database, the Turnigy
G and D series were used as a close approximation.
The data in Table 4.2 and Table 4.3 is for the seven motors chosen for testing. The motors and propeller
combinations were selected based on the criteria of having an endurance of over 6 minutes and a current
draw of less than 50 A. From this theoretical data the Turnigy G25-610 had the best combination of static
thrust 73.2 oz. and endurance 7:31 min:sec. The Hacker B50 11s had the highest static thrust even with
the propeller in static stall. The Turnigy D3542/6 had the lowest static thrust however, this was neglected
as the propeller was known to be in static stall at up to 9 and 12 mph. The reason for keeping this
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combination was the high pitch in the propeller and the high pitch speed which would provide more thrust
once static stall was overcome. The downside of static stall would be the increase in takeoff distance.
Static tests were conducted using a static thrust test stand rated for up to 30 lb., with other data taken
from the Castle Creations Elite 75 ESC using CastleLink. For the most part the data in the static tests
followed the same trend as the theoretical data. From this it seems apparent that MotoCalc
underestimates the motor performance. The only anomaly in the data was the test for the Hacker B50
11S for which the experimental thrust was smaller than the theoretical values by 7 oz. Several motor and
propeller combinations were unable to be tested due to mechanical failure. The Turnigy G46-670’s  shaft  
snapped when fitting a prop adapter and the Turnigy D3542/6 threw a bearing in the 12X10 propeller test
and so was not tested with the 12X12 propeller.
Table 4.2: Motor Specifications
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Table 4.3: Static Test Data

Table 4.4: Static Test Results

For the prototype aircraft it was determined that the Turnigy 4250-500 and the Turnigy G25-610 with the
16X10 would be used. The Hacker B50 11S was not used because it was ordered later and a motor
mount was not made in time for prototype testing. Surprisingly the Turnigy 4250-500 performed the best
providing sufficient thrust on takeoff to get the prototype off of the ground in 40 ft. The Turnigy G25-610
contradictory to testing and theoretical values was not able to provide sufficient thrust for takeoff. This is
believed to be caused by the static thrust which, when stalled, is insufficient. Turnigy 4250-500, in
contrast, provides significantly more thrust when it leaves static stall at 3mph.
4.2.3 Boom
It is difficult to accurately model the structural properties of carbon fiber due to its strength relying not only
on the type of fibers, but also their weave, the number of layers, the orientation of the layers and the resin
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used to bind the layers together. It is because of this difficulty that lab tests were used in place of
computer simulation. A bend test was performed on two six in. pieces of the same carbon fiber that would
be used as the boom. The first test was conducted with no alteration to the test article and broke at 300
pounds. There were some concerns of drilling into the boom in order to anchor certain pieces of the
aircraft, thus the second piece of tubing was tested with a 1/8th in. hole drilled into one side. The fibers
near the hole started to fray, however the breaking load of the tube stayed the same at 300 pounds. From
this test it was determined that the max moment the boom could withstand would be 75 (ft-lbs).
4.2.4 Fuselage
In addition to testing the boom, several composites were considered for the structure of the cargo-bay.
The most prevalent option was ¼ in. balsa wood laid up with fiberglass to achieve strength and weight
goals. Test pieces were created using seven different configurations. These configurations included:








Single layer-one sided with six ounce fiberglass
Single layer-one sided with three ounce fiberglass
Single layer-double sided with six ounce fiberglass
Double layer-one sided with six ounce fiberglass
Double layer-two sided with six ounce fiberglass
Double Layer-two sided with six then three ounce fiberglass
Two pieces of balsa sandwiching two layers of six ounce fiberglass.

Strength in bending was sought as most of the stresses from the landing would result in moments on the
structural pieces of the cargo-bay. A control of 1/8th in. plywood of the same size as the test articles was
used to compare strength and weight. The only balsa wood article to equal the strength of the plywood
was the sandwiched pieces. However they were also equal in weight despite being much thicker than the
plywood. It was found that all single layered balsa test pieces performed well when bent with the
fiberglass in tension but broke immediately when the uncoated balsa side was placed in tension. The twosided layups initially performed strongly and were all very similar so it was decided to construct the cargobay out of the single layer-two sided six ounce fiberglass in order to keep the amount of resin and thus
weight down. Several of parts of the fuselage used this configuration however some key bulkheads that
would undergo most of the load from the landing gear failed in construction. Much of the failure was due
to errors in manufacturing the balsa wood layups however in the interest of insuring those bulkheads
would not fail, stronger materials were sought such as plywood and balsa laid up with carbon fiber.
Further testing of the materials continued to be incorporated into the design.
4.2.5 Wing Loading
Wing loading was analyzed in conjunction with the wing sizing selection process based on a maximum lift
force equal to the maximum design weight of 12.5 lb. This enabled the calculation of the loading in terms
of weight per planform area which was varied across a range of chord and wingspan values. Evaluating
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wing loading for spans between 5 and 8.83 feet and chords 1 to 3 feet resulted in weight per planform
area values ranging from 0.83 to 1.44 lb/ft^2. However, due to the high strength of the fiberglass/epoxy
reinforced EPS foam wing, the final wing loading selection was 1.44 lb/ft^2 with a 14.875 inch average
chord and 84 inch average span.
4.2.6 Tail Surface Sizing
Tail surface sizing was determined using two equations [2]:

𝑆

=

⋅

⋅  

𝑆

=

⋅

⋅  

  

(4.1)
(4.2)

The wing span, area, and chord length, bw, Sw and Cw respectively, were already calculated during the
wing sizing process. The tail volume coefficients, cvt and cht, were determined from Table 6.4 in the
Raymer text [2]. In order to find the planform areas, Sht, Svt, without knowing the lengths, Lht and Lvt, two
tables were created in Excel. The tables composed of various lengths of the horizontal and vertical tail -ranging from twice the chord length to three times the chord length. Calculating the corresponding
horizontal and vertical tail planform areas, for each length, an optimal length and planform area were
chosen. The main factor in determining these characteristics were the size of the boom available.
After calculating the tail surface sizes, the calculated values were compared with an RC airplane book.
The previously calculated values landed within the values recommended for most RC airplanes verifying
our calculations.
4.3 Aircraft Estimated Lift, Drag and Stability Characteristics
After the initial concept for the aircraft was determined, the aerodynamic analysis of the aircraft was
conducted to find the desired performance features. The following sections describe the selection process
for  the  wing’s  airfoil,  the  drag  estimates,  and  stability  characteristics  based  upon  conceptual  dimensions.  
The results are described along with their calculations.
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4.3.1 Airfoil Selection
The process of selecting an airfoil began with research on airfoils that met our specifications on the
following factors; high lift capabilities at low angles of attack, manufacturability, and low quantities of drag.
Several plots were produced to compare the key qualities of each selected airfoil. Multiple airfoils were
considered, and after diligent examination, the collection of airfoils was narrowed down to four, as seen in
Table 4.5: Airfoil Selection Finalists.
Table 4.5: Airfoil Selection Parameters

One of the most important factors in choosing an airfoil for an aircraft of our needs is the ability to produce
high amounts of lift at low angles of attack. An important plot is the Figure 4.1: 𝑪𝑳   𝒗𝒔  𝜶 because it
diagrams lift capabilities at a selected range of angles of attack. This Figure shows that the USA 35B and
SD 7034 Airfoils yield a smooth, linear trend at the desired angles of attack, and the USA 35B and Curtis
C-72 demonstrate larger  𝐶𝐿 at smaller angles of attack.
Another important factor in choosing an optimal airfoil was the lift to drag ratio as shown in Figure 4.2:
𝑳
𝑫

  𝒗𝒔  𝜶. This plot reveals the relationship between lift and drag over  𝛼. The two highest quotient
𝑳

maximums are yielded by the USA 35B and SD 7034 airfoils, while the Curtis C-72  Airfoil’s   peaks at
𝑫

smaller angles of attack than desirable and the Clark Y airfoil yields the smallest maximum of the
assortment. The airfoil that best displays optimal qualities in all criterion is the USA 35B Airfoil. Figure
4.3: USA 35B Airfoil displays the profile view of the USA 35B. With Airfoil analysis and selection
complete, approximation of the Aerodynamic Performance of the aircraft could begin.

Figure 4.1:  𝑪𝑳   𝒗𝒔  𝜶
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𝑳

Figure 4.2:   𝒗𝒔  𝜶
𝑫

4.3.2 Drag Estimates

Figure 4.3: USA 35B Airfoil [3]
The  initial  drag  predictions  were  based  on  using  Raymer’s  estimates  for  component  drag  build  up  method
[5].  The  aircraft’s  individual  sections  were  calculated  at  their  respective  Reynolds  number  and  for  the  
horizontal and vertical tails flat plate approximations assume laminar flow. The drag calculations were
made at an airspeed of 50 feet per second, the estimated flight speed during the missions. To illustrate
the contributor to drag, a pie chart is detailed in Figure 4.4: Drag Contributions.
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Figure 4.4: Drag Contributions.
As seen in Figure 4.4: Drag Contributions, the majority of the drag is caused by the fuselage and wing
with the tail having very small effects at this airspeed. The main contributing factor overall to the drag
produced by the aircraft is the skin friction drag that is present on all surfaces of the airplane. Figure 4.5:
Drag Polar during Mission 2 shows the drag polar for the aircraft. The polar is plotted for Mission 2
requirements and the payload needed.
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Figure 4.5: Drag Polar during Mission 2
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4.3.3 Static Stability Characteristics
With the wing geometry, tail surface sizing and control surface sizing completed, an initial static stability
analysis was performed in order to estimate values for primary static stability derivatives and static
margins. Table 4.6: Primary Stability Derivatives shows the values for each of the three derivatives.
Table 4.6: Primary Stability Derivatives

As shown in Table 4.4: Primary Stability Derivatives all the derivatives produce the correct sign values
required for a stable aircraft. The static margins for Mission 1, Mission 2, and Mission 3 are listed in Table
4.7: Mission Static Margin demonstrating that the airplane is statically stable for all mission
configurations.
Table 4.7: Mission Static Margin

4.3.4 Dynamic Stability Characteristics
The aircraft’s  dynamic  stability  was  estimated  using  equations  found  in  the  text,  UAV  Dynamic  Stability.  
From these equations, the damping ratios, time constants, and natural frequencies were calculated,
which  therefore  allowed  the  estimation  of  the  aircraft’s  transfer functions. The poles of the transfer
functions are plotted in Figure 4.6: Aircraft Transfer Function Poles.
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Figure 4.6: Aircraft Transfer Function

Figure 4.6: Aircraft Transfer Function Poles showsPoles
the pole locations for the aircraft. The short period is
overdamped while the phugoid is underdamped. The dutch roll mode is stable and underdamped. The
roll mode produces a very stable value however the spiral mode produces an unstable value. With the
spiral mode being unstable the time to double amplitude was calculated. The time to double amplitude
must be larger than 15 seconds in order to correct the instability of the spiral mode with an aileron
input. The time to double amplitude was estimated for the three flight missions and was found to be
greater than 15 seconds for each flight mission.
4.4 Estimated Aircraft Mission Performance
The  airplane’s  performance  was  based  off  of  calculating  the  power  required  for  each  mission which
informed an  estimate  of  the  aircraft’s  rate  of  climb  and  maximum  velocity.  The  power  curves  below  were  
generated by selecting a range of potential flight velocities and calculating their corresponding lift
coefficients. These lift coefficients were then used to calculate the drag coefficient using C Do and k. The
drag force was then calculated and converted to power required. The Hacker B50 11S produces 561
watts with installation losses and propeller efficiency taken into account. This value was used as the
power available. Figure 4.7: Power Curves show the power available plotted against power required for
each mission.
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Figure 4.7: Power Curves

The  airplane’s  maximum  velocity  was  estimated  at 67 ft/s (45 mph). The power available was then
subtracted from the power required and divided by the total mission weight. The rate of climb of the
aircraft is shown in Figure 4.8: Rate of Climb. Rate of Climb shows the rate of climb plotted against flight
velocity.

Figure 4.8: Rate of Climb
The  airplane’s  maximum  rate  of  climb  for  missions  1  and  3  is  approximately  27 ft/s, which corresponds to
a flight velocity of 38 ft/s. Since the takeoff velocity of the aircraft has been estimated at 35 ft/s, velocities
below this number do not produce accurate estimates for rate of climb. For mission 2, the maximum rate
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of climb is approximately 23 ft/s at a flight velocity of 40 ft/s. As seen in both figures, the aircraft produces
a significant amount of excess power.

5.0 Detail Design
5.1 Dimensional Parameters of Final Design
The final dimensional parameters of the Panther are the results of considerations addressed in all
prior sections. The finalization of each individual parameter was influenced by payload sizing and
aircraft weight constraints. This numerical information is summarized in Table 5.1: Final Aircraft
Dimensional Parameters.
Table 5.1: Final Aircraft Dimensional Parameters
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5.2 Structural Characteristics and Capabilities
The aircraft was designed for a maximum 3.8g load factor in conjunction with the NATO UAV Systems
Airworthiness Requirements [4]. A factor of safety of 1.5 was employed during the structural design and
analysis processes. A V-N diagram was constructed to illustrate the flight envelope of the aircraft for its
maximum design weight of 12.5 pounds.

Figure 5.2: V-n Diagram for Maximum Design Weight
Figure 5.2 illustrates the variation in maximum G-loading across the range of design airspeeds that the
aircraft will encounter during each mission. The maneuvering speed, V A=35.2 ft/s, is a function of stall
speed and specifies how fast the fully loaded aircraft must fly to avoid stalling. The same maneuvering
speed also applies to missions where the aircraft is lighter than the maximum design weight, for although
a lower maneuvering speed is possible with a lower weight, the time sensitivities of missions 1 and 3
necessitate a higher maneuvering speed.
5.2.1 Wing
The wing was design as one piece of fiberglass covered EPS foam with an embedded carbon fiber tube 6
feet long and 0.5 inches in diameter serving as a main spar. The spar was chosen such that it would take
the bending forces that result from the aerodynamic forces on the wing. The spar was not designed to go
all the way to the tips of the wing but rather stop 6 in. inward of each end. The intention of this
construction was to reduce material since the end of the wing itself would not generate enough force to
damage the foam/fiberglass.
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Information gathered from the prototype aircraft did not help much structurally. The prototype wing was
laid up with too much fiberglass and resin resulting in a wing that was rigid, too heavy, and not reliant on
the spar to handle the stresses. While the prototype flew, the weight of the wing was a major drawback
and something that needed to be fixed in the final design. The final foam wing was covered in one layer
of three ounce fiberglass and where the two halves of the wing met, a 3 in. wide strip of 6 ounce
fiberglass was applied to increase the resistance to bending at the location. This was done to address the
large bending stresses that would occur at a structural weak point of the wing. The fiberglassing of the
wing was determined to be necessary to keep the wing rigid and protected against damage to the foam
and thus the desired airfoil shape. Fiberglassing also reduced the friction associated with the air pockets
of the foam.
In order to secure the wing to the rest of the aircraft a small plywood plate was nested into the bottom of
the wing where the two halves met. This plate was used to provide a fastening point where the wing could
be secured to the cargo bay without relying on the material properties of the foam.
5.2.2 Fuselage
The original fuselage design consisted of a box shape with a tapered nose section. The nose section
provided sufficient volume to house the necessary electronics for the plane and the main back box portion
housed the battery and sensor package payload. This fuselage was originally built with foam and plywood
for the prototype. After flight testing the prototype it was determined that the fuselage needed to become
both lighter and more aerodynamic. The solution was to try and make the fuselage for the final design
from mostly fiberglass.
The original dimensions of the fuselage were kept the same since they were verified to be adequate
space for all components needed to be housed within the fuselage. The tapered nose section was
rounded out to make the front more aerodynamic. Rounding the nose actually added space so internal
volume still was not a concern.
The fuselage consists of two main components; a balsa and plywood substructure, and a fiberglass shell.
The substructure consisted of 3 main bulk heads that all attached directly to the boom which can be
better seen in Figure 5.3: Fuselage Assembly.
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Figure 5.3: Fuselage Assembly
These bulkheads were strategically placed to take the majority of the load from landing. They were also
determined as needing to be the strongest part of the fuselage substructure, so they were made from
balsa that was reinforced with fiberglass.
Many different combinations of fiberglass thickness and balsa were tested and weighed, some of the test
pieces can be seen on the left in Figure 5.4. The optimal strength to weight ratio was found to be the
balsa with 6 oz. fiberglass on each side. This is what the bulkhead pieces were made from, as shown on
the right in Figure 5.4. This proved difficult to manufacture as there were no balsa sheets quite big
enough to cut an entire bulk head section from one piece. The result was that the bulkheads had to be
made from two pieces but when the inner section was cut for the two bulkheads in the rear, the seam
caused fracture. This manufacturing constraint lead to the two bulkheads in the back, with the large

Figure 5.4: Fiberglass Reinforced Balsa Layups/Bulkhead
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center removed, needing to be made from plywood. The bulkhead in the front remains as the lighter
fiberglass reinforced balsa.
Cross supports connect all three bulkheads. The supports on the top are the thickest as they also serve
as the wing attachment location. These were further reinforced by adding triangle sections that connected
these supports to the boom. The other section with rather thick reinforcement is the bottom portion
connecting the rear two bulkheads. The purpose of this extra support is to serve as both the mounting
location for the landing gear and a strong reinforcement to take the load from landing. All of the cross
brace components were made from balsa reinforced with fiberglass. These pieces were small enough
that they remained easy to manufacture and the fiberglass-balsa proved to be much lighter than plywood
with comparable strength.
The substructure was covered with a fiberglass shell. This shell was made in one piece by laying
fiberglass over an entire fuselage mold. The back of the fuselage shell was cut off allowing the shell to
slide off the mold and then slide onto the substructure. Mounting components such as the motor, landing
gear, and the wings all sufficiently secured the shell to the substructure. This shell effectively closed in all
surfaces except for the rear face. The rear surface acts as the access to load and unload the sensor
package.
The door for the rear surface was decided to be made from foam board since the door is not a load
bearing structure and foam board is rather lightweight. The foam board door is simply secured to the
fuselage with a tape and a tape hinge. The reason the door is not load bearing is because the sensor
package is not secured to the inside by the door. A rubber band that attaches to the inner walls with a
couple of screws wraps around the back of the sensor package to hold it in place.
5.2.3 Tail
The tail consists of a truss structure made from ¼ inch square balsa wood rods which utilizes the least
amount of material possible without sacrificing structural integrity. First, an outline of the structure was
printed and assembled with lateral stringers added for reinforcement. Next, diagonal cross-bracing rods
were added to improve torsional rigidity.
The rudder-vertical and elevator-horizontal interfaces are 45 degree angled cuts in square balsa rods
which allow the control surfaces space to move freely. For enhanced structural rigidity, carbon fiber
reinforced balsa was utilized for the central structure and triangular wedges were placed at all internal
corners to increase the area over which aerodynamic loads are applied.
A plywood base plate was added to the vertical tail to allow for a notch to be cut where the horizontal tail
was to be inserted, effectively joining the two components together in a single assembly. This allowed the
empennage as a whole to be inserted into a triple-notch in the boom which enables precise alignment of
the surfaces relative to each other and the wing.
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5.3 Systems and Integration
5.3.1 Radio System
As per the competition requirements, a 72-Mhz or a 2.4-Ghz radio system can be used on the airplane
design. A 2.4-Ghz radio system was selected for previous competitions and will be used for the 2015
competition. The radio system is required to execute the following when the failsafe mode is activated:






Closed Throttle
Full pitch-up elevator
Full right rudder
Full right aileron
Full flaps down (if so equipped)

The aircraft uses a Spektrum AR9020 receiver paired with a Spektrum DX8 Radio. The AR9020 receiver
can be programmed to meet all of the previously described failsafe modes. In addition, the AR9020
includes two satellite receivers to ensure constant signal connectivity.
5.3.2 Servos
The aircraft servos were chosen based on available torque, speed, survivability, and weight. In order to
reduce the chance of damage from any impacts, only metal gear servo options were explored. From
researching aircraft of similar size, it was evident that torque consistent with a standard size R/C servo is
sufficient. For the elevator servo, high speed and high torque was required. The Hitec HS-5085mg
provided the most torque and speed available for the least weight. For the drop mechanism, a continuous
rotation servo was required to wind up a small cable. Due to the design of the mechanism, the servo
needed high torque and low weight. Table 5.1 shows the servos which were found to be most suitable for
this role. The Power HD SM-S4303R was selected since it provides more torque and speed for a lighter
weight than the alternatives.
Table 5.1 Drop Mechanism Servo Options

Another servo that required selection was the central steering servo of the aircraft. This servo provides
simultaneous control to the ailerons, rudder, and nose wheel steering. Since this single servo provides
control of most of the aircraft’s  flight  surfaces,  a  high  torque  metal  gear  servo  was  needed.  The  Hitec HS5245MG was selected due to its light weight and high torque. The final servo sections are shown in Table
5.2: Servo Selection Results.
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Table 5.2: Servo Selection Results

5.3.3 Battery
A Sub C-cell battery size was selected based on a relatively high power output for its weight. The battery
alternatives are shown in Table 4.1: Battery Analysis. This analysis clearly demonstrated that the
maximum power was attainable from a 12 cell 5000mah Battery. The Elite 5000 was the ideal choice due
to its light weight, and maximum discharge current. Elite batteries are available in a variety of cellpackages and the only 5000mah cell available in a 12 cell configuration. In addition, Elite batteries offer
upgraded bridge connectors. Since standard bridge connectors are only capable of providing up to 25A of
current, upgraded connectors are necessary to sustain the maximum discharge of 50A. The battery uses
Deans Ultra Plugs and 12 gauge wire. Flight time was determined by equation 5.1, assuming 80%
capacity and was found to be approximately 4.8 minutes.

𝐶 = 𝐼𝑡

(5.1)
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5.3.4 Propulsion System
The motor that was selected for the final aircraft based on performance during static testing was the
Hacker B50 11s with the 16X12 inch propeller. Once this was selected further dynamic thrust data was
obtained (Figure 5.7: Dynamic Thrust).

Figure 5.7: Dynamic Thrust
The battery that was selected to power the airplane is 12 cell pack of Elite 5000mAh cells. This was
chosen because it would provide enough voltage to run the motor at 14.4 volts as well as providing us
with sufficient amp hours to fly for over 4 minutes, while keeping within the 2 lb. battery limit. The ESC
selected was the Castle Creations Elite 75. It was selected because expected amp draw was going to be
over 50 amps and this was the next highest amp limit ESC available in the Castle Creations Elite series.
The series was selected because data could be easily transferred from the ESC to a computer via
CastleLink for immediate data analysis.
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5.4 Weight and Balance
The process of analyzing the weight and balance characteristics of the aircraft began by weighing the
components individually and measuring the longitudinal distance of said components from the datum of
the aircraft. The record of all component weights and distances from the datum of the aircraft are
displayed in Table 5.3.
Table 5.3: Weight and Balance

Using these recorded weights and distances, the center of gravity of the aircraft was calculated using the
given equation:

𝑋    =    ∑

∑ (𝑊𝑑) (5.1)

Table 5.5: CG per Mission lists the center of gravity and the total weight of the aircraft in missions 1, 2,
and 3. The data recorded on this table was important in keeping the aircraft stable under all three
conditions without having to perform major modifications.
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The static margin of the aircraft was calculated by taking the longitudinal difference in distance between
the aerodynamic center of the aircraft and the center of gravity of the aircraft, all divided by the average
chord of the wing.
Table 5.5: CG per Mission

Table 5.6: Mission Static Margin lists the static margin of the aircraft under the three different conditions
it will be under in the three different missions.
Table 5.6: Mission Static Margin

5.5 Rated Aircraft Cost
The rated aircraft cost (RAC) of the aircraft established by the competition rules is the product of aircraft
empty weight and number of servos utilized. Note that a servo is defined per competition rules as any
electronic device that commands/controls motion. By this definition, the ESC that controls the propulsion
system is included in the overall servo count. At an empty weight of 7.082 lb, servos were utilized for:





Control of propulsion system (ESC)
Aileron/rudder/front landing gear actuation
Elevator actuation
Release mechanism activation

With this information, the product of the empty weight (EW=7.082) and the number of servos (Nservo=4)
was subsequently determined to be RAC=28.328. It is important to note that the weight of each aircraft
component is quadrupled by this equation and thus a savings of one ounce is equivalent to a savings of a
quarter of a pound. Therefore, attempts to reduce the aircraft weight while avoiding major design
alterations will be ongoing until the beginning of the competition.
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5.6 Flight Performance Parameters
The flight performance parameters for the final airplane were analyzed in order to understand how the
airplane would behave during competition. The parameters calculated in Table 5.7: Flight Performance
Parameters assisted  in  defining  the  airplane’s  characteristics  for  all  three  missions: Ferry Flight, Sensor
Package Transport, and Sensor Drop.
Table 5.7: Flight Performance Parameters

In designing the airplane the initial goal for the thrust to weight ratio was a 1:1 for empty flight with a thrust
and weight of both 5 pounds force. The aero team also included a factor of safety of 2.5 pounds in sizing
the  wing’s  lift  incase  this  optimistic  goal  was not achieved. The design factor of safety of which the aero
team designed for can lift off 12.5 pounds in 57 feet which allows the airplane to perform with more agility
considering the max takeoff weight is a pound less than the factor of safety. The actual thrust the
propulsion team acquired was 7 pounds force which assists the fact our empty airplane weighs 6.46
pounds. The thrust to weight ratio for each mission is calculated in Table 5.7: Flight Performance
Parameters.
It is indicated in Table 5.7: Flight Performance Parameters that the cruise speed does not change
throughout  the  various  missions.  This  is  due  to  the  fact  that  the  wing  doesn’t  change  and  that  the  weight  
from the block nor added drag from the whiffle balls are included in Equation 5.2.

𝑉

=

(5.2)

The takeoff distance however is heavily affected by the weight of the airplane. In Equation 5.3 it is seen
that the takeoff distance is directly related to the square of the weight. This is also noticed in Table 5.7:
Flight Performance Parameters where the distance dramatically increases for the Block mission.
Takeoff velocity is also increased with a less dramatic relationship with weight. However it is expected
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that as the weight increases the velocity needed to increase the lift enough to get all the weight off the
ground also increases as seen in Equation 5.4. The equation for the velocity required for takeoff is simply
1.2 times the stall velocity for a safety margin away from the stall speed.

𝑆 =
𝑉

.
,

{

= 1.2

[

(

)]

,

}

(5.3)
(5.4)

As is evident from Table 5.7, the airplane will have to be flown at a higher cruise velocity than in the
other missions in order to maintain a margin of safety between the stall and flight velocities.
Another flight parameter to notice is the turn rate and radius of the airplane. These parameters were
calculated  in  order  to  judge  the  airplane’s  maximum  turn  rate  which  will give an understanding of what to
expect during the three required turns performed during every lap of the competition course.
5.7 Mission Performance
5.7.1 Mission 1 – Ferry Flight
Based on the cruise velocity for the ferry mission (Table 5.7) and given the 1000 foot course length from
the contest rules, a 50% increase was applied as a safety margin to account for the three turns required.
From this 1500 foot distance estimate, a lap time of 42.55 seconds was calculated. This in turn enables
the completion of five laps in a four minute period while flying at the cruise velocity.
5.7.2 Mission 2 – Sensor Package Transport
For the sensor package transport mission, the score is based on the time required to fly three laps with
the five pound payload stored internally. The cruise velocity for this mission (Table 5.7) and course
distance estimates are identical to those of the ferry flight mission and thus so are the lap times. This
results in a three-lap total time of 127.65 seconds, which is slightly over 2 minutes.
5.7.3 Mission 3 – Sensor Drop
Based on the 288 second (4.8 minute) maximum endurance of the Hacker B50 11S motor (Section
5.3.3), a maximum allowable flight time of 240 seconds (4 minutes) was established. The 42.55 seconds
per lap prediction for the previous missions allows a maximum of 5 laps to be flown. Due to the space
available on the boom for additional release mechanism hardware, the maximum number of sensors
carried will be set at four in contrast to the original intent to carry three sensors. The aircraft will be
modified to carry four sensors in accordance with all competition rules in the time leading up to April 10
with the intent of being cleared to do so during tech inspection.
5.8 Drawing Package
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6.0 Manufacturing Plan & Processes
In order to accomplish goals far exceeding designs of previous years new manufacturing methods were
developed that differed from past experiences. These differences will be presented in the following
section, but include:





Construction of a prototype test platform
Foam composite wings
“Flying Stick” design
Servo versatility

While some methods relied upon prior knowledge and experience, many new process were implemented
to create a working aircraft. The order of construction depended on many factors, but the most important
of which were availability of materials, knowledge of process, and changes in design requirements. With
the incorporation of expanded polystyrene (EPS) foam in the design the manufacturing became largely
dependent on access to a hot wire cutter. This drove the timeline of cutting out the wing as well as other
components. Fiberglass wet layups were also a new procedure for much of the team, so many test layups
were done to establish an efficient process. While design changes did not heavily effect the construction
of the final aircraft, they did cause many delays in the construction of the prototype.
6.1 Fuselage Construction
6.1.1 Materials
The materials used for constructing the fuselage are as follows:








¼ in x 5 in x 36 in balsa wood sheets
¼ in & 1/8 in thick craft plywood sheets
¼ in x ¼ in balsa wood square rods
6oz fiberglass cloth
Pre-impregnated carbon fiber cloth
West Systems epoxy resin and hardener
5 minute structural epoxy

6.1.2 Composite Sandwiches
The fuselage frame utilizes balsa-fiberglass composite sandwiches to achieve greater strength with a
smaller weight cost. The goal for this composite was to  use  combine  the  fiberglass’  tensile  properties  with  
the  balsa  wood’s  cross  sectional  properties.  Fiberglass alone is vulnerable to buckling and shear, but with
the added cross section provided by the balsa these strengths are increased. Similarly, the balsa fails
easily in bending due to its low strength in tension, but by adhering fiberglass to either side of the wood
the amount of tension applied to the balsa is reduced. The main issue that arises with this composite
sandwich is delamination and shear along the boundaries between the two materials. Delamination is
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prevented through proper wet layup techniques and proper care of components while shear failure is
compensated for in design. The shear depends on the strength of the bond that is formed by the epoxy
between the two materials. To construct the composite sandwiches fiberglass cloth was applied to either
side of the balsa use a wet layup. The steps of this process are as follows:
1. Cut out fiberglass cloth slightly larger than the balsa wood it is being applied to
2. Combine West Systems resin and hardener at a 5:1 ratio respectively and stir to create epoxy
3. Place cloth over balsa and, using a paint brush, apply epoxy to the cloth allowing it to soak
through to the balsa turning the cloth clear. Perform over entire area.
4. Using flat edge, e.g. taping knife, scrape out excess epoxy from layup
5. Repeat steps 1-4 on other side of balsa sheet
6. Allow to dry for 24 hours
6.1.3 Fuselage Frame
The fuselage is a semi-monocoque structure consisting of a frame and skin. The frame is made of a
combination of plywood, balsa-fiberglass composite, and structural epoxy. 5.8 Drawing Package depicts
the CAD rendering of the frame as well as the names of the components to be discussed.
Originally each bulkhead was to be made with the balsa-fiberglass composite sandwiches. However, due
to limited balsa wood widths available the bulkheads required two separate pieces to be joined together in
order to achieve the desired dimensions. When manufactured these pieces proved to be too weak at the
seam between balsa wood pieces to withstand the required loads. Therefore, it was decided that the rear
bulkheads were to be manufactured using stronger plywood in order to withstand the loads associated
with landing. Less material was removed from the front bulkhead to increase its strength, but it will be
receiving additional structure from the fuselage skin allowing the lighter balsa-fiberglass composite to be
used.
All pieces except the corner stringers were printed off on a 1:1 scale then glued to the composite
sandwich or plywood that they were to be made of. This provided an accurate guide for cutting out each
piece using a band saw. The centers of the rear bulkheads were removed by drilling a single hole as a
starting point then cutting along the lines using a jigsaw. The corner stringers were constructed by baking
the pre-impregnated carbon fiber cloth then gluing strips of it to opposing sides of the square balsa rods.
These composite rods were excess from previous builds and were selected based on ease of
manufacturing and availability.
The manufactured pieces were joined by applying structural epoxy to the joints and allowing to dry
overnight. Because the frame was designed to handle mostly normal forces at each joint with shear
applied to the skin, the structural epoxy was deemed sufficient to transfer loading between frame
components. The final frame is depicted in Figure 6.1: Constructed Fuselage Frame.
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Figure 6.1: Constructed Fuselage Frame
6.1.4 Fuselage Shell
The shell of the fuselage is a fiberglass skin that encloses the frame and provides added structure as well
as a more aerodynamic shape. The skin was made separately from the frame then joined together using
zip ties to allow for easy removal. To construct the skin, a mold of the shape had to be fabricated. Side
views of the shell were printed out on a 1:1 scale from SolidWorks then traced onto a sheet of ½ in
particle  board.  Two  sides  were  cut  out  as  well  as  front  and  back  “bulkhead”  pieces.  These  bulkhead  
pieces connect the two sides to form a rigid box that provides a foundation for the rest of the mold. The
empty areas of the wood portion of the mold were then filled with foam blocks in order to create the
complete shape.
For applying the fiberglass to the mold, the front foam blocks were removed then the mold was covered in
a release film that would not stick to the fiberglass layup. At this point two layers of fiberglass were
applied in the form of two lengthwise strips around the rear box of the mold. Two layers were then applied
in the form of two strips around the outer surfaces between the two bulkheads. This process allows for a
stronger structure to be made around the payload area as well as a front bulkhead built into the skin for
frame attachment. The layup was then vacuum-bagged to ensure a tight fit to the mold and was left to dry
for 24 hours.
The next layup on the skin is to form the front electronics bay and the overall aerodynamic shape. To do
this, the front foam blocks were inserted into the mold with the first layup completed. The release film was
then applied to any uncovered areas of the mold leaving the surfaces of the dried fiberglass bare so that
the next layup will bond to them. A sheet of fiberglass cloth was then applied to each side of the mold and
allow to overlap onto the middle surfaces (top, bottom, front, and back). A single strip of fiberglass was
then wrapped around such that it lays over the middle surfaces and rests on the overlap from the side
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pieces. Another set of side pieces and middle strips were then applied in the same manner. The layup is
once again vacuum bagged to allow it to dry for 24 hours.
When the layup had completely dried, the rear wall was cut out so that the mold could be removed. The
frame was then inserted and attached using structural epoxy on its edges and between the front
bulkheads of both pieces. The final step was to cut a panel in the front of the shell for access to
electronics. The finished fuselage is depicted in Figure 6.2: Fuselage Assembly.

Figure 6.2: Fuselage Assembly
6.2 Wing Construction
6.2.1 Materials
The materials used for constructing the wing are as follows:







¼ in thick plywood sheet
EPS foam sheets
6oz fiberglass cloth
3oz fiberglass cloth
West Systems epoxy resin and hardener
5 minute structural epoxy

6.2.2 Foam Cutting
The wing is an EPS foam reinforced fiberglass composite structure. Similarly to the composite
sandwiches discussed earlier, the foam in the wing improves the moment of inertia which, when coupled
to fiberglass, yields superior bending resistance.
To develop the wing shape a 1:1 scale print out of both the root and tip chord were printed out. These
were then traced onto ¼ in plywood sheets and cut out to form templates for hotwire cutting. A ½ in hole
was drilled in each template at the point of quarter chord and 50% thickness. This hole is for carving out a
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hollow region for the carbon fiber wing spar tube. The templates used are depicted in Figure 6.3: Airfoil
Templates.

Figure 6.3: Airfoil Templates
Two blocks of foam the size of the root chord x ½ wingspan were cut and templates were pinned on each
side and aligned at their quarter-chords. Using a hot wire cutter, the wing was cut from the block by
following the templates at rates proportional to the chord length at each side. This produced a tapered
wing with a consistent airfoil. The opposite side wing was cut using the same process by reversing the
templates in order achieve the proper orientation. The wings were sanded to achieve a smooth finish and
surface symmetry.
The two halves of the wing were joined initially by running half of the spar through each. As the spar was
slid into each half, structural epoxy was applied around its outer surface to bond it to the foam and
prevent sliding. When the epoxy had dried the two halves were joined, but still not sufficiently resistant to
spinning about the spar. A rectangular notch centered about the root of the wing was carved out of the
bottom to allow for a ¼ in thick piece of plywood used to mount the wing to the fuselage. This plate was
then mounted within its notch using structural epoxy. When the epoxy had dried, the rotation of the wings
about the spar was constrained. The entire wing was covered in 3oz fiberglass applied with a wet layup
with a six inch strip of 6oz fiberglass applied to the seam between the two halves for reinforcement. When
the layup was dry the areas for the ailerons were traced and removed. The final wing is shown below in
Figure 6.4: Final Wing after servo controls have been attached.

Figure 6.4: Final Wing
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6.3 Control Surface and Empennage Construction
6.3.1 Materials
The materials used for constructing the control surfaces and empennage are as follows:





¼ in x ¼ in balsa wood square rods
1/ in balsa wood sheets
8
MonoKote covering
Cyanoacrylate (CA) glue

6.3.2 Empennage
The empennage (horizontal tail, elevator, vertical tail, and rudder) are constructed with square balsa
wood rods in a truss configuration. Each component is composed of an outer frame with cross bracing
occupying the inner areas. The only exception to this is the vertical tail-horizontal tail interface. The two
members join to form  a  “T”  shape  at a 1/8 inch plywood joint. This connection is marked in Figure 6.5:
Empennage.

Figure 6.5: Empennage
This plywood interface provided superior strength and ensured perpendicular alignment when the
empennage was installed. Full-scale templates for these four components were printed from SolidWorks
files and used as a guide for arranging and joining members with CA glue. With the frames completed,
the vertical and horizontal tails were glued at the plywood interface and covered in MonoKote. The
elevator and rudder were then covered with MonoKote and attached using a tape hinge.
6.3.3 Ailerons
Each aileron consists of two pieces of 1/8 in balsa sheets and balsa ribs. The two sheets are glued
together at the desired angle with the ribs placed along the top to maintain the shape and improve
strength against aerodynamic forces. When the wood pieces had been glued together, each aileron was
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covered in MonoKote in the same fashion as the empennage. Figure 6.6: Ailerons illustrates both the
internal structure of the ailerons (right) and the finished appearance (left).

Figure 6.6: Ailerons
6.4 Milestones
Manufacturing of aircraft components began as early as late October, 2014 with the hot wire cutting of the
EPS foam wings. Fabrication of the fuselage progressed through multiple iterations with an initial
plywood-foam structure (prototype) replaced with a lighter and more structurally efficient fiberglass-balsa
semi-monocoque structure (final). Following overall aircraft completion, the release mechanism was
installed and tested marking the finale of the prototype flight testing regime. Figure 6.7: Manufacturing
Milestones details the 2014-2015 manufacturing schedule.

8/30/2010 10/9/2010 11/18/2010 12/28/2010 2/6/2011

Wing Construction
Fuselage Construction
Empennage Construction
Drop Mechanism Construction
Final Systems Integration
Planned

Actual

Figure 6.7: Manufacturing Milestones
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7.0 Test Plan
Verification of aircraft and subsystem performance was achieved through extensive testing of a prototype
aircraft. This section will detail the various tests performed on aircraft components and their objectives.
The flight testing goals of the prototype and final aircraft will also be discussed.
7.1 Objectives and Schedules
There are three approaches that will be used to evaluate aircraft capabilities: structural integrity,
propulsion system testing, and an intensive flight testing regime. Testing will proceed as follows:





Structural Testing: Perform a three point load test on carbon fiber tube test specimens with and
without holes drilled in them. The strength of the landing gear and airframe will be verified through
successfully withstanding takeoff/landing and aerodynamic loads experienced during flight
testing.
Propulsion: Perform static thrust analyses on multiple motor-propeller combinations to obtain a
baseline relationship between theoretical (via MotoCalc) and actual performance data.
Performance: Perform a flight test of the completed aircraft with demonstration of airworthiness
at maximum design weight and of the sensor drop mechanism.
Table 7.1: Testing Objectives

Table 7.1: Testing Objectives
7.2 Testing Checklists
Before attempting to run the motor, the following items were to be satisfied. Such a list helps to ensure
the safety of all involved in testing and to preemptively identify problems with the propulsion system to
avoid damaging motor components or harming those performing the test. Figure 7.1: Propulsion Test
Checklist details each step to verifying that a propulsion test can safely commence.
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Figure 7.1: Propulsion Test Checklist
Prior to each flight attempt, the following airworthiness checks were to be satisfied to ensure the safety of
all involved and to address potential problems on the ground before they manifest themselves during a
flight. Figure 7.2: Pre-flight Checklist outlines the procedure by which a flight attempt will be authorized.

Figure 7.2: Pre-flight Checklist
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8.0 Performance Results
8.1 Structural Testing Results
During the conceptual design phase, concerns were raised about the boom tailed configuration due to the
fact that drilling holes in the boom to attach components would result in decreased strength. To determine
the magnitude of the effect of machined holes on the strength of the carbon fiber boom, a one foot section
of  the  0.575”  outer  diameter  tube  was  cut  into  two  6  inch  lengths.  One  of  these  test  articles  was  left  as  is  
and a small hole was drilled through the other. A three-point bend test was performed on each using an
electronic load frame and the results were written directly to a spreadsheet. The graphical results of this
test are presented in Figure 8.1: Three-Point Bend Testing

Figure 8.1: Three-Point Bend Testing
The unaltered specimen withstood a maximum load of 346.3762 lb. compared to a maximum load of
348.0029 supported by the specimen with machined holes. It is important to note that these results are
not to be taken at face value, for it is not logical to conclude that drilling into the tube results in increased
strength. The fact that the specimen with holes withstood more force is due to infinitesimal effects such as
the specimen loading geometry with respect to the weave pattern. Due to the fact that the difference
between the two specimens was determined by such a small margin, it was concluded that drilling small
holes into the carbon fiber tube does not have an appreciable effect on its strength.
8.2 Propulsion System Testing Results
To ensure reliable operation of the propulsion system and its supporting electronics, extensive static
thrust testing was performed throughout the year on multiple brushless electric motors to complement
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theoretical predictions from MotoCalc. The Castle Edge Lite 75A speed controller utilized in the aircraft is
compatible with a Castle Creations Castle Link which allows parameters such as current draw and motor
temperature to be monitored and recorded. The motor selected for the final aircraft, the Hacker B50 11S,
was predicted by MotoCalc to perform optimally when mated to a 16x12E propeller. During static testing
of this motor-propeller combination a maximum static thrust of 5.4 lb. was recorded with a maximum
50.7A current draw and 85.7°F motor temperature. When the motor was paired to a 17x12E propeller, a
maximum static thrust of 6 lb. was produced with a maximum 56.1A current draw and 89.5°F motor
temperature. An Excel plot of the Castle Link output values from the latter test is provided in Figure 8.2:
Maximum Current Draw and Temperature of Hacker B50 11S with 17x12E.

Figure 8.2: Maximum Current Draw and Temperature of Hacker B50 11S with 17x12E
At the cost of a 4.4 Amp increase in current draw and 3.8°F maximum motor temperature, it was decided
to utilize this motor-propeller combination. This is due to the fact that the benefit of receiving an extra halfpound of thrust outweighed the consequences of a ~10% increase in current draw and ~5% increase in
maximum temperature. Additional justification of this decision is provided by the use of a 70 A fuse to arm
the aircraft and protect the speed controller from its maximum current capability (75 A).
8.3 Flight Testing Results
To validate aircraft performance values calculated during the preliminary design phase, a prototype
aircraft was fabricated to allow more extensive testing in comparison with a final aircraft that must be
preserved for the competition. The prototype also was intended to provide the team with lessons to be
applied to the fabrication of the final aircraft to develop accurate and efficient manufacturing techniques.
Additionally, lessons learned from the performance of the prototype aircraft were to guide any
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modifications to the final aircraft if necessary. A semi-qualitative yet highly informative measure of RC
aircraft performance is provided with the Cooper-Harper Handling Qualities Rating Scale which is
provided in Figure 8.3.

Figure 8.3: Cooper-Harper Handling Qualities Rating Scale
Ideally, an aircraft would receive a pilot rating of 1-3  indicating  that  it  is  “satisfactory  without  improvement”  
and does not required design alterations. A flight testing data sheet was designed with the intentions of
archiving the results of each test flight to inform future design changes and test plans. The maiden flight
of the prototype aircraft was on 24 January, 2015 at 9:37 AM. Table 8.1 contains the original data logged
that morning.
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Table 8.1: Maiden Flight Data Log

Following this flight, our pilot, Michael Roznick, gave the aircraft a handling quality rating of 3 which
corresponds to an aircraft where only minimal pilot compensation is required to achieve the desired
performance. This was a major success for the entire team for it indicates that the collective efforts of the
year resulted in an aircraft that did not warrant any major design changes. The prototype went on to
provide valuable data for 9 more flights before it was retired. An image of the prototype aircraft in flight is
provided in Figure 8.4: Prototype Maiden Flight.

Figure 8.4: Prototype Maiden Flight
The team has further plans to perform a thorough Test Readiness Review (TRR) in the time leading up to
competition. An attempt will be made to simulate the actual conditions under which the flight and ground
missions will be performed in Tucson. The results of the TRR will enable an estimation of aircraft
competitiveness as well as optimal competition performance since all required procedures will have been
rehearsed in advance.
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8.4 Sensor Deployment Mechanism Testing Results
The successful implementation and demonstration of the sensor drop mechanism for Mission 3 was
perhaps the most important duty assigned to the prototype aircraft. As described in previous sections, this
mechanism consists of cord locks, fishing line, and a continuous rotation winch servo. The simplicity of
this  design  was  promising,  but  there  were  concerns  throughout  the  year  that  this  design  was  “too  simple”  
to be reliable since friction between the cord locks and fishing line can mean the difference between
success and failure. Ground testing of the release mechanism design indicated that, with minor
adjustments, it could be made a reliable and rugged system. After the concept had been verified on
multiple occasions, it was installed on the prototype aircraft for its final flight. The continuous rotation
servo was programmed to allow the pilot to anticipate exactly when the sensors would be released at the
required point on each lap of the course. The verification of this system before installation on the aircraft
ensured that it performed as required, releasing only one ball per lap at a position directly commanded by
a pilot input for three consecutive laps. Figure 8.5 shows the aircraft in mid-release of the first of the three
sensors released during that flight.

Figure 8.5: Verification of Sensor Drop
After noting that the aft position of the sensors had a minimal effect on static margin, it was suggested
that the final aircraft be designed to deploy four sensors to add an additional competitive edge.
Additionally, the navigation of a mock-up of the competition course with a sensor dropped each lap was
completed in approximately two minutes out of a six minute maximum flight time. Thus, it was decided
that enough justification existed for increasing the number of sensors carried by the aircraft to four for the
final competition-ready design.
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